Recent studies have demonstrated the induced expression of endothelial adhesion molecules including E-selectin (also called endothelial leukocyte adhesion molecule-i), vascular cell adhesion molecule and intercellular adhesion molecule in actively involved mucosa of patients with ulcerative colitis and Crohn's disease. Similar induction has been demonstrated in the colon of the Cotton-top tamarin (CTU), a New World primate that experiences a spontaneous acute and chronic colitis resembling ulcerative colitis.
Introduction
Although the initiating events in the major forms of inflammatory bowel disease (IBD)' remain unclear, considerable progress has been made in delineating some of the presumably common, nonspecific inflammatory processes that result in tissue injury and clinical manifestations in association with the periodic increases of inflammatory activity that are the hallmarks of these disorders. Many of these inflammatory factors are found in actively affected tissue from patients with either ulcerative colitis (UC) or Crohn's disease (CD). The various mediators or substances produced by the diverse populations of cellular constituents present at the sites of disease activity include products of arachidonic acid metabolism, both prostaglandins and leukotrienes, a complex mixture of cytokines, and oxygen-free radicals. The relative importance of each of these substances or whether any single one ofthese mediators is essential to sustaining or amplifying the inflammatory response and injury is not clear. The effect of agents that specifically antagonize individual mediators may provide important insights in this context.
While the absolute dependence of the inflammatory activity on various individual soluble mediators remains uncertain, it is apparent that production ofthese mediators is intrinsically related to recruitment of inflammatory cells from the vascular compartment to the site of disease activity ( 1 ). These include neutrophils, lymphocytes, and monocytes, as well as (to a lesser extent) eosinophils and mast cells. Conversely, disruption of processes responsible for the migration of leukocytes from the vascular space to sites of inflammatory activity might result in attenuation ofthe generation of inflammatory mediators that are the proximate cause oftissue injury and the manifestations of IBD.
Some of the mechanisms responsible for the targeted migration of leukocytes to various sites of inflammation in the body have recently been delineated (2) (3) (4) (5) (6) (7) . Specific interactions between proteins present on leukocyte surface membranes and proteins expressed on endothelial surfaces as receptor-counterreceptor pairs appear to be central to these processes. Many of these proteins have been identified and they include members of integrnn, selectin, and immunoglobulin protein superfamilies. It is notable that expression of some key adhesion molecules present on the endothelium are specifically induced by cytokines produced at inflammatory foci including interleukin-1, tumor necrosis factor, and interferon (2, 8-1 1 ).
Among the various adhesion molecules identified, endothelial leukocyte adhesion molecule-1 (E-selectin), vascular cell adhesion molecule-1 (VCAM 1), and intracellular cell adhesion molecule (ICAM 1) on the endothelial surface appear to be particularly important in adhesion of neutrophils, lymphocytes, and monocytes (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . E-selectin plays an important role in neutrophil-endothelial adhesion but may also bind monocytes. In addition, E-selectin binds some T cell subsets including memory cells, and may be important in early T cell recruitment (13) (14) (15) (16) ). VCAM1 appears to play a predominant role in lymphocyte and monocyte adhesion to endothelium and ICAM-1 contributes to a wide variety of cellular adhesion events. It should be noted that VCAM 1-and ICAM 1-mediated interactions may play a role in immune cell activation as well as recruitment. By implication the "counter receptors" on the leukocytes' surfaces are also important and include the putative sialyl Lewis blood group bearing E-selectin ligand, very late antigen-4 (VLA4) and CDl1 / 18 (17) (18) (19) (20) (21) (22) (23) .
Recent studies in this laboratory and elsewhere have demonstrated the expression of the adhesion molecules E-selectin and ICAM1 at sites of active inflammation in patients with IBD (24, 25) . As expected these adhesion molecules are present in both UC and CD. In addition, we have demonstrated the presence ofVCAM 1 in both inflamed and noninflamed bowel, suggesting it may play a role in the constitutive recruitment of lymphocytes and monocytes to the mucosa. The expression of leukocyte-endothelial adhesion molecules in association with IBD are consistent with the hypothesis that recruitment of leukocytes from the vascular space contribute to the sustained inflammatory response in these disorders. Conversely, it implies that disruption of these processes could attenuate the inflammatory infiltrate. Indeed, one report has indicated that monoclonal antibodies targeted to CDl 1 / 18 ameliorated inflammation in a rodent model of colonic inflammation induced by an exogenous agent (26) .
The Cotton-top tamarin (CTT) offers a particularly useful model to explore the importance ofadhesion molecules in colitis. The CTT is a New World primate that experiences a spontaneous chronic colitis marked by periodic flares ofacute inflammation that closely mimics human UC in its histologic and clinical features, as well as its response to pharmacologic agents (27, 28) . Previous studies confirmed the induction of E-selectin in association with active colitis in the CTT. Although the lack of reagents suitable for use in this primate precluded assessment of VCAM 1, presumably this ligand might also be expressed in the CTT colonic mucosa in a manner similar to that found in man. In this report, we assess the effect ofadministration of monoclonal antibodies directed against either E-selectin, which contributes to neutrophil-endothelial adhesion or the integrin a4, one ofthe subunits ofVLA4 that contributes to lymphocyte and monocyte adhesion, on the activity of acute flares of CTT colitis. While coating of E-selectin by mAb did not have a significant effect, the anti-a4 mAb led to significant reduction in the acute colonic inflammation.
Methods
Monoclonal antibodies and antisera BB 1I and EH8, two anti-E-selectin mAbs of IgG2b and IgG, isotypes, respectively, prepared against the human ligand were demonstrated in earlier studies to recognize the Cotton-top tamarin counterpart (24) .
Preparation of BB 1 has been previously reported (29) while EH8 was prepared by immunization with pure recombinant E-selectin and screening for blockade of neutrophil adhesion to rE-selectin (13). HP1 /2, an IgGI monoclonal antibody directed against the a4 chain of the human VLA4 heterodimer (a4fl) has been previously described (30) and proven to recognize a cross-reacting determinant on CTT leukocytes by FACS® analysis (Becton Dickinson Immunocytometry Systems, Mountain View, CA) and staining ofCTT colonic mucosa. In addition, HP1 /2 was proven to block adherence of CTT leukocytes to recombinant soluble VCAM 1-coated plates in vitro, as demonstrated below. For in vivo studies mAbs BB1 1, EH8, and HP1 /2 were purified from ascites by protein A chromatography, followed by gel filtration chromatography in endotoxin-free physiologic saline. All mAbs contained < 1 endotoxin unit/mg.
Rabbit anti-human VCAM 1 serum (rabbit no. 349) was prepared by immunization of rabbits with recombinant soluble human VCAM 1 purified by immunoaffinity chromatography using immobilized anti-VCAM1 mAb 4B9 as described (31 ) . Anti-VCAM 1 serum was affinity purified by sequential chromatography on protein A-Sepharose and an affinity resin prepared by immobilization of rsVCAM 1 on Affigel (8 mg/ml resin) followed by elution with pH 3.0 buffer, immediate neutralization, and dialysis against PBS. The affinity-purified antiserum completely blocked the binding of human Ramos cells to rsVCAM 1-coated plates and binds human, mouse and rat VCAM1 stably expressed in Chinese hamster ovary cells as determined by FACS® analysis.
Evaluation ofE-selectin, VCAMI, and a4 integrin expression in CTT Pinch mucosal biopsies were obtained from rectosigmoid of CTT in parallel with samples obtained for histologic evaluation of inflammation. Tissue samples were placed in OCT compound (Tissue Tek, Elkhart, IN) and frozen sections prepared ( -4 4m). Immunohistochemistry was performed using a commercially available peroxidase-based technique (Vectastain; Vector Labs, Inc., Burlingame, CA) after incubation with specific first antibody as previously described (24) .
Evaluation ofserum half-life ofanti-E-selectin and anti-a4 integrin mAbs mAbs BBl 1, EH8, and HPl /2 were each administered as single intramuscular doses (2 mg/ kg) to CTT (n = 2 for each antibody) and serum was collected at 0, 1, 2, 6, 12, 24, and 48 h. Levels of mouse Ig were determined by ELISA assay.
Effect of anti-E-selectin and anti-a4 integrin mAbs on CTT colitis CTT maintained at the New England Regional Primate Research Center were screened for signs of active colitis. Pinch colonic mucosal biopsies obtained after sedation with ketamine (25 mg/kg) by routine techniques were evaluated for active inflammation using a previously validated scoring system (27) . CTT with active colitis grades 2+ or 3+ (grading scale range 0-3+) were selected for study to be initiated within 3 wk of the screening biopsy. CTT were rebiopsied at the initiation of the study period. Animals were randomized to receive mAb or placebo (saline) injection.
Anti-E-selectin studies. In separate studies CTT received either BBll or EH8 (-2 mg/kg) on days 0, 2, 4, 6, and 8; n = 5/mAb; placebo controls (n = 5 for each mAb trial) were injected intramuscularly with saline on the same schedule. Blood (-0.5 ml) and colonic mucosal biopsies were obtained from mAb and control CTT on days 0, 2, 4, 6, 8, and 10. Serum prepared from peripheral blood was assessed for mouse IgG as noted above. Colonic mucosal biopsies on days 0 and 10 were evaluated for acute colitis activity in a blinded fashion using the validated index noted above. Colonic biopsies were also assessed for the presence of E-selectin using the previously described histochemical technique (24) , as well as the presence of mouse IgG. The latter was accomplished by omission of the first antibody in the peroxidase-based staining process.
Anti-a4 integrin studies. CTT received either HPl /2 mAb (2 mg/ kg) or saline intramuscular injections (n = 12 for each) on days 0, 1, 2, Anti-a4 integrin Attenuation ofColitis in the Cotton-top Tamarin 373 3, 4, 5, 6, and 7. Colonic mucosal biopsies, as well as peripheral blood, were obtained on days 0, 2, 4, 6, 8, and 10. Colitis activity was assessed in a blinded fashion on biopsies obtained on days 0 and 10. Peripheral blood was used to determine serum mouse IgG levels, as well as complete blood counts.
Results
Expression ofvascular adhesion molecules in CTT. In previous studies, E-selectin an inducible leukocyte adhesion molecule expressed on endothelial surfaces was found to be present in association with active colitis in patients with IBD (24) . In contrast, VCAM 1, a distinct vascular adhesion molecule that binds predominantly lymphocytes and monocytes was present in substantial amounts in association with tissue lymphoid aggregates in colonic mucosa of patients with IBD in a manner independent of active inflammation, as well as normal controls. It should be noted that VCAM 1 could also be detected on endothelial surfaces in many ofthe IBD tissues. Parallel studies demonstrated a similar pattern of expression of E-selectin in colonic mucosa of CTT, a New World monkey that experiences a spontaneous diffuse colitis with close clinical and histopathological similarity to human UJC. Thus, anti-E-selectinstained endothelial surfaces in mucosal biopsies exhibiting signs ofactive colitis but not those in which the disease process was quiescent. However, it was not possible in those earlier studies to assess the expression of VCAM 1 in the primate because of lack of cross-reactivity of the monoclonal reagents prepared against human VCAM 1 then available. The development of a conventional antisera against VCAM1 with broad species recognition, as described in Methods, allowed extension of those earlier studies to define VCAM 1 expression in the CTT. As illustrated in Fig. 1 , VCAM 1 is indeed present in the colonic mucosa of CTT as observed in human tissue in earlier studies. As illustrated in Fig. 1 , VCAM 1 is present in significant amounts in areas oflymphoid aggregates independent ofactive colitis in a manner similar to that observed in man.
In addition to studies defining the presence of adhesion molecules on the endothelial surface, the expression of one of the cognate counter receptors present on leukocyte surfaces was also examined. Specifically, colonic mucosal biopsies from CTT were assessed for the presence of one of the two subunits that comprise VLA4 by immunohistochemistry using an antia4 integrin mAb. As illustrated in Fig. 2 CTT colonic mucosal endothelial surface. Importantly, the presence of IgG was correlated with the lack ofability to detect E-selectin after addition of exogenous anti-E-selectin mAbs to the mucosal biopsies. E-selectin became undetectable by this approach within 6 h of the parenteral administration of the mAb and persisted up to 24 h. However, E-selectin could again be detected to some extent by 24 h and had returned to essentially pretreatment levels by 48 h (Fig. 3) .
On the basis of these pilot studies, cohorts of CTT with active colitis as defined by previously validated histological criteria were entered into trials to receive repeated doses ofBB 11, EH8, or a placebo on alternate days for 8 d. Colonic mucosal biopsies were obtained at the beginning and 2 d after the last mAb injection to ascertain the presence of mAb in the tissue, the expression ofE-selectin, and the histological grade ofcolitis activity. Administration of the anti-E-selectin mAbs led, as anticipated, to demonstrable levels of mouse IgG on endothelial surfaces of CTT receiving these agents. Most importantly, the presence of IgG on endothelial surfaces was again associated with apparent blocking of E-selectin. Despite the apparent coating of E-selectin on endothelial surfaces, neither BB 11 or EH8 anti-E-selectin mAb led to a significant improvement in colitis activity when compared to CTT receiving saline placebo (Table I) .
The lack of an anti-VCAM 1 mAb that recognizes the CTT species precluded direct assessment of the effect of blockade of this endothelial ligand on colitis activity. However, preliminary studies described above demonstrated the presence of a4 integrin, one of the subunits of VLA4 the cognate ligand for VCAM 1 on leukocyte surfaces in association with active colitis. The ability of an anti-a4 integrin mAb, HPl /2, to block adhesion ofCTT leukocytes to recombinant VCAM1 was confirmed by incubation ofisolated leukocytes with HPl /2 before exposure to a surface coated with the recombinant protein (Fig. 4) . Adhesion of CTT peripheral blood leukocytes to rsVCAM1 was completely blocked at concentrations of 10 ,ug/ml. Subsequently, the effect of the anti-a4 integrin mAb on active CTT colitis was assessed in a manner similar to that used in the study ofthe anti-E-selectin mAbs. Initial administration of HPl /2 demonstrated a somewhat shorter serum half-life (T,,2 = 16 h) than that observed for BB1 1 and EH8. Initial circulating values after HP1/2 (2 mg/kg) ranged from 10-20 ,ug falling to the 3-5 ,ug/ml range at 24 h. This indicated the feasibility of achieving concentrations that affect blocking of CTT VLA4-dependent adhesion events. Because ofthe shorter half-life, HPl /2 (or saline placebo) was given by daily injection for 8 d and the effect on colitis monitored by histological assessment of colonic mucosal biopsies.
In contrast to the anti-E-selectin mAbs, HPl /2 led to a highly significant improvement in acute colitis when compared to placebo, P < 0.01 ( Fig. 5 flect chronic mucosal injury using a separate validated scale of chronic injury (24) , mean chronic activity remained the same before and after the study period in both CTT receiving HPI those receiving placebo injection (Fig. 6 B) . This may reflect the effect of repeated phlebotomy; no signs of overt bleeding diathesis were noted.
Discussion
Recent advances have led to the identification of many of the receptors and counter-receptors present on endothelial and (24, 25) . E-sgelectin appears to be a key ligand recognized by neutrophils and a necessary factor in recruitment of these leukocytes to sites of inflammation. Active colitis in patients with IBD, particularly UC, is marked by a high concentration ofneutrophils presumably recruited from the vascular space.
In the studies presented above, the importance of E-selectin-mediated neutrophil adhesion to sustaining active colitis was explored using the CTT as a primate model of colitis closely resembling UC in man. Earlier studies demonstrated that active colitis was associated with endothelial expression of E-selectin in a manner similar to that observed in IBD. Parenteral administration ofanti-E-selectin mAbs apparently coated E-selectin present on endothelial surfaces. However, despite the presumed central role of E-selectin-mediated neutrophil adhesion, neither of two anti-E-selectin mAbs studied had a demonstrable effect on CTT colitis. The lack of effect suggests either that E-selectin-dependent neutrophil adherence is not necessary to sustain the inflammatory process or that despite blocking detection of E-selectin by immunohistochemical approaches, functional ligand is still accessible to neutrophils. If, as these results would suggest, E-selectin is not necessary to sustain neutrophil migration into the colonic mucosa, other pathways of neutrophil adhesion must be present in association with the colitis. However, it is also possible that a beneficial effect of E-selectin blockade could have been obscured by complement-mediated inflammation as an indirect effect of immune complex formation on the vessel wall. It is possible that F(ab)2 fragments may be needed to demonstrate the importance of E-selectin modulation in CTT colitis in a manner similar to that observed in a model oflung inflammation in the rat (16) . In addition to E-selectin, earlier studies had demonstrated the expression of another key ligand VCAM 1 that participates in adhesion of circulating lymphocytes and monocytes in human colonic mucosa. However, this ligand was found to be present in highest concentrations in mucosal lymphoid aggregates rather than endothelial surfaces. In contrast to E-selectin, VCAM1 expression was found to be present independent of acute inflammation, making determination of its relative importance in the acute inflammatory process difficult. Although Unfortunately, the affinity-purified rabbit anti-VCAM 1 reagent was unsuitable to use in studies to determine the effect of blockade ofVCAM 1-mediated adhesion on colitis in a manner similar to anti-E-selectin mAbs. However, as demonstrated in this report, peripheral leukocytes express a4 integrin, one subunit of the cognate ligand for VCAM 1, on leukocyte surfaces, offering another target for assessing these ligands on colitis activity. Thus, an anti-a4 integrin mAb was demonstrated to prevent adhesion ofperipheral CTT leukocytes to recombinant VCAM1 indicating its capacity to functionally disrupt the VLA4-VCAM 1 mediated process. While anti-E-selectin mAbs had no appreciable effects on CTT colitis, administration ofan anti-a4 integrin mAb significantly attenuated acute colitic activity. The ability ofanti-a4 integrin mAb to effect an improvement in the colitic activity in CTT provides evidence of the central role that adhesion events mediated through heterodimeric integrins containing this subunit play in this model of IBD. Among the several processes in which the A4 integrin chain is known to participate, it is plausible that the effects of the HPl /2 mAb are at least in part the result of disruption of leukocyte-endothelial adhesion. Thus, the HPl /2 antibody was found to inhibit adherence ofCTT leukocytes to VCAM lcoated plates in vitro, a process dependent on VLA4 (a4f13). It is perhaps surprising that blocking this recruitment pathway directed toward lymphocytes and monocytes should have a more profound effect than disruption of the E-selectin-mediated pathway directed towards neutrophils, the more characteristic inflammatory cell hallmark of acute inflammation in IBD. Notably, the anti-A4 integrin led to attenuation of the histologic signs of acute colitis but had no discernable effect on histologic features associated with chronic inflammatory injury in this model.
Although the attenuation of CTT colitis may be most directly attributable to the disruption ofleukocyte-vascular adhesion, it should be noted that VLA4 appears to have several functional properties, and it is not possible to know a priori which of these may have been most central to the observed beneficial effect of anti-A4 on colitis (30) . Thus, the VCAM/ VLA4 pathway may play a role in immune cell activation as well as recruitment ( 19, 21 ) . VLA4 is known to contribute to T cell-T cell aggregation and, in addition, binds ligands other than VCAM 1 including fibronectin ( 18 ). It is also possible that the effect of the HPl /2, an mAb directed against the a4 chain of the a4flB dimer that comprises VLA-4, may in fact reflect binding to a4 associated with f7, the ligand for lymphocyte Peyer's patch homing receptors. Recent studies have indicated that anti-a4 not only blocks lymphocyte migration into inflamed tissue in the rat, but also strongly inhibits normal lymphocyte recirculation into mesenteric nodes and intestinal Peyer's patches (37) (38) (39) . Nonetheless, the reduction in colitis observed suggests an essential role for the ongoing recruitment of lymphocytes and/or monocytes for sustaining active colitic activity. It is clear that the impact on CTT colitis was not a nonspecific effect on concentrations of circulating leukocytes; levels were not decreased but were paradoxically increased within a few days of the initiation of daily injections with the anti-a4 integrin mAb.
As a model ofulcerative colitis, these studies using the CTT underscore the potential therapeutic impact of disrupting the recruitment of inflammatory cells from the vascular space to the site of intestinal inflammation. Further study will be necessary to define the pathways essential to the migration ofneutrophils in the context of active colitis. The present findings suggest that the ongoing recruitment ofother leukocytes must facilitate the abundant neutrophil representation in the mucosa in this setting. More detailed delineation of the mechanism of anti-a4 inhibition of CTT colitis may provide further insight into the relationship between lymphocyte and monocyte migration and the recruitment of neutrophils in active colitis.
